The selenocysteine insertion sequence (SECIS) element directs the translational recoding of UGA as selenocysteine. In eukaryotes, the SECIS is located downstream of the UGA codon in the 3'-UTR of the selenoprotein mRNA. Despite poor sequence conservation, all SECIS elements form a similar stem-loop structure containing a putative kink-turn motif. We functionally characterized the 26 SECIS elements encoded in the human genome. Surprisingly, the SECIS elements displayed a wide range of UGA recoding activities, spanning several 1000-fold in vivo and several 100-fold in vitro. The difference in activity between a representative strong and weak SECIS element was not explained by differential binding affinity of SECIS binding Protein 2, a limiting factor for selenocysteine incorporation. Using chimeric SECIS molecules, we identified the internal loop and helix 2, which flank the kink-turn motif, as critical determinants of UGA recoding activity. The simultaneous presence of a GC base pair in helix 2 and a U in the 5'-side of the internal loop was a statistically significant predictor of weak recoding activity. Thus, the SECIS contains intrinsic information that modulates selenocysteine incorporation efficiency.
INTRODUCTION
Selenium is an essential trace element for human health. Epidemiological studies report that selenium protects against cancer, delays the development of neurodegenerative disorders, reduces the progression of HIV in infected patients and diminishes mortality in the aging population (1) (2) (3) (4) . Most of the beneficial effects of selenium are likely due to its presence as selenocysteine in a specific group of proteins, called selenoproteins. Extensive computer analyses of the human genome identified what is now thought to be the complete set of selenoprotein genes (5) . The human selenoproteome is composed of at least 25 selenoproteins, although some genes may lead to the production of more than one isoform (6) . Many human selenoproteins are enzymes involved in oxidoreduction reactions. Enzymatic activities have been characterized for approximately one half of the selenoproteome, including the glutathione peroxidases (Gpx1-Gpx6), thioredoxin reductases (Trxr1-Trxr2), iodothyronine deiodinases (Dio1-Dio3), methionine sulfoxide reductase (MsrB1 or SelX) and selenophosphate synthetase (Sps2). In many cases, the selenocysteine residue plays a vital role for enzymatic activity, given its known or predicted location in the catalytic site (7) (8) (9) . However, the remaining human selenoproteins have not been assigned a precise function due to their recent bioinformatic identification in the genome.
Selenocysteine is considered as the 21st amino acid, since its incorporation into the protein sequence depends on the translational recoding of an in-frame UGA codon as reviewed in (10) (11) (12) (13) (14) . Eukaryotes have evolved an intricate strategy to use the UGA as a sense codon for selenocysteine in selenoprotein messenger RNAs (mRNAs), while maintaining its use as a stop codon in other cellular mRNAs. The 3 0 -untranslated region (3 0 -UTR) of mammalian selenoprotein mRNAs always harbor a selenocysteine insertion sequence (SECIS) downstream of the UGA codon, which is essential for selenocysteine incorporation. Trans-acting recoding factors identified during the past decade include a selenocysteine tRNA Sec (Sec-tRNA Sec ) (15, 16) , a dedicated elongation factor (EFsec) (17, 18) , and two proteins that bind to the SECIS element: SECIS binding protein 2 (SBP2) (19, 20) and ribosomal protein L30 (21) . It has been proposed that SBP2, which is limiting in cells, functions as a discriminatory factor and dictates the expression of the selenoproteome (20) (21) (22) (23) . The mechanism of selenocysteine incorporation, particularly the sequence of events and the nature of the complexes leading to UGA recoding, is not fully understood yet and is discussed in (10) (11) (12) (13) (14) .
Eukaryotic SECIS elements are not highly conserved at the nucleotide level, but their secondary structures can be represented as a consensus stem-loop-stem-loop folding, as illustrated in Figure 1A . Two conserved motifs in the SECIS are essential for faithful recoding of UGA as selenocysteine: the SECIS core that contains a quartet of non-Watson-Crick base pairs and an AAA/G motif (24) (25) (26) (27) (28) . The precise distance between these two regions is maintained by a base paired structure ( Figure 1A ). The SECIS core encompasses two sheared tandem G-A pairs (hereafter referred to as tandem GA pairs), which are conserved in all eukaryotic SECIS elements (29) and are required for the binding of SBP2 and L30 (19) (20) (21) . In other RNAs with a known 3D structure, the tandem GA pairs are characteristic of a kink-turn motif, which can adopt distinct conformations in solution (30, 31) . We proposed that the putative kinkturn motif in the SECIS allows the element to act as a molecular switch by undergoing dynamic conformational changes in response to protein binding (21) . In contrast to the SECIS core, the essential AAA/G motif has no known function or interacting partner. This motif is replaced by CCX in some SECIS elements (5) .
Although it is well-established that the SECIS core and AAA/G motif are required for selenoprotein synthesis, little is known about the determinants in SECIS elements from endogenous selenoprotein mRNAs that might regulate the efficiency of selenocysteine incorporation in vivo. The region surrounding the tandem GA pairs, which is highly variable among SECIS elements, could affect the kink-turn folding of the RNA and/or the binding activities of SBP2 and L30. In addition to the SECIS, the efficiency of UGA recoding is affected by other cis-acting elements in the selenoprotein mRNA, including (i) the selenocysteine codon context (32) , (ii) the distance between UGA codon and the SECIS (26, 33) and (iii) the presence of a stem-loop structure adjacent to the UGA codon in a subset of selenoprotein mRNAs (34, 35) . However, in all these cases, the modulation of UGA recoding efficiency did not exceed a 10-to 20-fold difference.
The purpose of this work is to investigate a potential regulatory effect of the SECIS on selenoprotein expression on the scale of the human selenoproteome. We analyzed the UGA recoding efficiencies of the 26 human SECIS elements in transfected cells and in an in vitro translation system. Unexpectedly, we found that SECIS elements vary dramatically in their ability to direct UGA recoding, with the differences ranging 4900-and 200-fold in cells and in vitro, respectively. Using chimeric SECIS elements, we showed that the internal loop and helix 2 contain major determinants that control the strength of UGA recoding. Sequence conservation analysis of the regions surrounding the kink-turn motif in human SECIS elements identified statistical predictors of weak UGA recoding activity.
MATERIALS AND METHODS

DNA constructs
Coding sequence of firefly luciferase (Photinus pyralis) was previously cloned in pcDNA3.1 vector (Invitrogen). PacI and NotI restriction sites are present immediately downstream of the UAA stop codon. Additionally, the luciferase sequence was modified at position 258 to contain an in frame UGA codon. This construct has been designed to quantitatively analyze the influence of any SECIS element on UGA recoding efficiency in vivo and in vitro as described in (21, 33, 36) . The 26 SECIS element sequences were found in the human genome database and used to design primers for RT-PCR amplification and cloning. To have SECIS elements of similar size that would encompass the minimum active domain for all selenoprotein mRNAs, we selected 103-nt long sequences starting 30 bp before the highly conserved ATGA motif (as listed in Figure 1B ). PCR primers were designed to contain either a PacI or NotI restriction site (listed in Supplementary Figure S1 ), in the forward and reverse primers, respectively, for subcloning into pcDNA3.1 luciferase UGA 258 vector. Total RNAs were extracted from Hek293 and HepG2 cells using TRIzol reagent (Invitrogen) following the manufacturer's instructions. Total RNAs (5 mg) were annealed with 50 pmol of oligodT and used for reverse transcription using M-MLV retrotranscriptase (Promega) in 40 ml reaction. Two microliter of this reaction was used for the PCR amplification using Platinum Pfx DNA polymerase (Invitrogen) and 4 mM of adequate primers. PCR products and pcDNA3.1 luciferase UGA 258 vector were digested with PacI and NotI enzymes, purified and ligated with T4 DNA Ligase after dephosphorylation of the vector. Quick change site-directed mutagenesis (adapted from Stratagene) were performed to generate SECIS (ÁAUGA, ÁAAAC and ÁAAAG) and luciferase (UAA 258 and UGU 258 ) mutants using overlapping oligonucleotides containing the designed mutations (see Supplementary Figure S2 ) and the PfuTurbo DNA polymerase (Stratagene). To generate the SECIS chimeric constructs of SelX and Gpx3 listed in Supplementary Figure S3 , we used pairs of overlapping oligonucleotides with a 3 0 -overhang that were completed with Pwo DNA polymerase. PCR amplifications were performed using 4 mM of either the set of Gpx3 or SelX SECIS primers, designed to add PacI and NotI restriction sites. For RNA electromobility shift assay (REMSA) experiments, luciferase UGA 258 -Gpx3 and luciferase UGA 258 -SelX constructs were digested with PacI and NotI enzyme to clone the SECIS element downstream of a T7 RNA polymerase promoter in a pUC19 vector. All the construct sequences were verified by automated DNA sequencing.
Cell culture and transfection
Hek293 (Invitrogen) and HepG2 (ATTC) cells were grown and maintained in 100 mm plates in Dulbecco's Modified Eagle Medium (D-MEM) and in minimum essential medium (MEM) supplemented with non-essential amino acids, respectively. Media were supplemented with 10% fetal bovine serum, 100 mg/ml streptomycin, 100 UI/ml penicillin, 1 mM sodium pyruvate and 2 mM L-glutamine. Media and supplements were purchased from Invitrogen. Cells were cultivated in 5% CO 2 at 378C and humidified atmosphere. Calcium precipitation methods were performed to transiently transfect the cells with 6 mg of plasmid (5 mg of luciferase and 1 mg of b-galactosidase vectors). Cells were split the day prior to transfection. Media was changed 24-h post-transfection and cells collected at 48 h with 300 ml of lysis buffer (25 mM Trisphosphate pH 7.8, 2 mM DTT, 2 mM EDTA, 1% Triton X-100, 10% glycerol). Cell extracts were assayed for luciferase and b-galactosidase activities by chemiluminescence (Promega Luciferase and Beta-Glo assay systems, respectively), in triplicate using a microplate reader FLUOstar OPTIMA (BMG Labtech).
In vitro transcription and translation
Luciferase-SECIS pcDNA3.1 plasmids were linearized by NotI enzyme and used as templates for in vitro transcription using T7 RNA polymerase (Ribomax kit, Promega) according to the manufacturer's instructions. Cap analog was added to the reaction at a 4 : 1 ratio (versus GTP) to generate 5 0 -capped mRNAs. In vitro translation reactions were assembled in a total volume of 12.5 ml that includes 100 ng of luciferase mRNA (0.19 pmol), 50 ng of recombinant SBP2 (amino acids 399-846), 8.25 ml of nuclease-treated rabbit reticulocyte lysate (RRL) (Promega), complete amino acid mixture and RNA guard as described in (37) . After 30 min incubation at 378C, translation reactions were assayed in triplicate for luciferase activity as described earlier.
RNA probes synthesis, electrophoretic mobility shift assays and competitions
The SECIS probes were synthesized in vitro from linearized templates with T7 RNA polymerase using 1 mM GTP, 1 mM ATP, 1 mM CTP and 1 mM UTP and 10 mCi of 32 P-labeled UTP for 3 h at 378C. The transcription reactions were treated with DNase RQ1 for 15 min at 378C and then phenol : chloroform extracted. The aqueous phase was passed through a Micro Bio-Spin column according to the manufacturer's instructions (Bio-Rad). The REMSA binding buffer includes 30 mM Tris, pH 7.8, 8% glycerol, 75 mM KCl, 1 mM EDTA, 0.25 mg/ml BSA and 0.20 mg/ml tRNA. The 32 P-labeled SECIS RNAs (10 fmol) were incubated with the indicated amount of recombinant SBP2-RBD (amino acids 517-777), which was expressed in bacteria and purified as described in (36) . After incubation at 378C for 10 min, the complexes were resolved on 8% nondenaturing polyacrylamide gels as described in (21) . The dried gels were exposed to autoradiographic screens, which were analyzed by a Typhoon 9400 scanner (GE Healthcare). Quantitation of radioactive species was performed with ImageQuant software (Molecular Dynamics).
RESULTS
The 26 SECIS elements found in the human genome were selected and cloned in a luciferase-based reporter construct Previous studies that analyzed the efficiency of UGA recoding tested only SECIS elements from a subset of selenoprotein mRNAs or used SECIS elements of dissimilar lengths (23, 38, 39) . The human selenoproteome is composed of 25 selenoproteins that contain a single selenocysteine residue, with the exception of selenoprotein P (SelP), which has 10 selenocysteines. For each selenoprotein, a SECIS element has been identified in the 3 0 -UTR. In the case of SelP, two functional SECIS have been characterized (thereafter referred as SelP1 and SelP2). It has been proposed that SelP2 recodes the initial UGA of SelP mRNA, while SelP1 is dedicated to the processive recoding of the downstream UGA triplets (40) . To gain comprehensive insight into the intrinsic influence of the SECIS element on UGA recoding efficiency, we cloned the 26 human SECIS elements listed in Figure 1B . All the sequences were 103 nt in length, starting 30 nt before the highly conserved AUGA motif, which should encompass the minimum active domain (24) (25) (26) (27) (28) .
As illustrated in Figure 1A , the human SECIS elements all contain a four-motif secondary structure (stem-loopstem-loop) despite the poor primary sequence conservation. To direct faithful UGA recoding, the SECIS requires the highly conserved nucleotides shown in the schematic Figure 1A and represented in bold in Figure 1B . These include the 5 0 -AUGA and 3 0 -GA at the base of helix 2 and the AAA/G motif (or CCX) in the apical region. The AUGA and GA motifs close the internal loop by forming the tandem GA pairs that resemble an RNA kink-turn motif. As shown in Figure 1A , the AAA/G (or CCX) motif is found either in a loop or in a bulge in the apical region of the SECIS element. This difference has been used to classify the SECIS elements as a Type 1 (loop) or Type 2 (bulge) SECIS, respectively (25, 28, 41) . Another conserved feature is the length of helix 2 (14-15 base pairs) that ensures a precise distance between the AUGA and AAA/G (or CCX) motifs. The internal loop is closed by helix 1, which is variable in size and composition but important for UGA recoding (27) .
Human SECIS elements display a wide range of UGA recoding activities in vivo and in vitro
To analyze UGA recoding efficiency, the 26 human SECIS elements were cloned downstream of a luciferase coding sequence, which has been modified to contain an in frame UGA codon at position 258 (luciferase UGA 258 -SECIS constructs). With this construct previously used in (21, 33, 36) , an active luciferase is made only when the UGA is recoded as a selenocysteine codon. This reporter construct has been validated for selenocysteine incorporation in transfected cells and in an in vitro translation system. Plasmids containing the luciferase UGA 258 -SECIS reporter constructs were transiently transfected in human kidney (Hek293) and liver (HepG2) cell lines. To analyze data from three independent transfections, we arbitrarily expressed the luciferase activities relative to the activity measured for SelX, which was expressed as 100%. The results obtained in Hek293 and HepG2 cell lines showed that, in contrast to previous studies, the nature of the SECIS element had a dramatic influence on the efficiency of UGA recoding in vivo (Figure 2A and B). We observed an 2250-fold difference between the strongest (SelN) and the weakest (Gpx6) constructs in Hek293 cells (Figure 2A ). The amplitude is even larger in HepG2 cells with an 4900-fold difference between the reporters containing the Dio3 and SelS SECIS elements ( Figure 2B ). Moreover, in both cell lines, we 258 coding sequence and used in the reporter constructs. They were obtained from SelenoDB website (51) . Highly conserved nucleotides are represented in bold. Nucleotides involved in helix 2 are underlined. Gpx, glutathione peroxidase; Trxr, thioredoxin reductase; Dio, iodothyronine deiodinase; Sel, selenoprotein; Sel15, 15 kDa selenoprotein, Sps2, selenophosphate synthetase. Figure 2 . The UGA-selenocysteine recoding efficiency is strongly influenced by the nature of the SECIS element in vivo and in vitro. Luciferase UGA 258 -SECIS reporter gene constructs were generated with all human SECIS elements and tested in transiently transfected Hek293 (A) or HepG2 (B) cells (black bars), or in the cell free translation system (C, white bars). For in vivo experiments (A and B), each luciferase plasmid was transiently co-transfected with b-galactosidase plasmid. Enzymatic activities were measured 48-h post-transfection on cell protein extracts. Transfection efficiencies were normalized by calculating the ratio between luciferase relative to b-galactosidase activities. For in vitro experiments (C), the luciferase UGA 258 -SECIS synthetic mRNAs were translated using RRL as described in 'Materials and Methods' section. To analyze data from three independent experiments in vivo and in vitro, the UGA recoding efficiencies were arbitrarily expressed relative to the activity from the luciferase UGA 258 -SelX construct, which was set as 100%. The group of constructs that show weak efficiencies (SelH, SelO, SelS, Gpx3, Gpx6 and Trxr3) are represented at a magnified scale in left panel. identified a group of six weak SECIS elements that includes SelS, SelO, SelH, Gpx3, Gpx6 and Trxr3 (Figure 2A and B, left panels). The remaining 20 luciferase UGA 258 -SECIS constructs were in the moderate and strong categories of UGA recoding efficiency, with a 16-and 30-fold range observed in Hek293 and HepG2 cells, respectively (Figure 2A and B, right panels). As shown in Figure 2 , the difference between the highest of the weak elements (SelH) and the lowest of the moderate elements (Txr1) was 2-to 3-fold in both Hek293 and HepG2 cells. Importantly, the ranking between the constructs is very similar between the two cell lines used in this study as illustrated in Figure 2D (left panel) on a logarithmic scale. The only movements that occurred were within the moderate and strong categories, as observed for SelN and Dio1.
To verify that the different SECIS elements drive UGA recoding with varying strengths, capped luciferase reporter construct RNAs were translated in a cell-free in vitro system using RRL. Aliquots of the translation products were analyzed for luciferase activity, which was expressed relative to the activity from the reporter containing the SelX SECIS. Similar to the results in transfected cells, a wide variation in UGA recoding efficiencies was observed in the in vitro assay, although with a smaller range ( Figure 2C ). Indeed the strongest SECIS (SelP1) was 200-fold more efficient in recoding UGA than the weakest (SelO). The lower amplitude of UGA recoding efficiencies observed in RRL was likely due to the unnatural non-competitive environment, the translation reactions being primed with a single mRNA species. In transfected cells, the luciferase reporter mRNA containing the SECIS element would compete with endogenous selenoprotein mRNAs for limiting components of selenocysteine insertion machinery, which is likely to magnify the differences observed in vitro. Strikingly, despite the lower amplitude, the same group of six SECIS elements that displayed weak UGA recoding activity in cells also gave low levels of luciferase activity in the in vitro translation assay. As for the transfected cells, an almost 3-fold difference was observed between Gpx3, the highest of the weak elements and Trxr2, the lowest of the moderate elements ( Figure 2C ). The moderate and strong elements were spread out over a 5-fold range (right panel of Figure 2C ). The classification of SECIS elements into three groups (weak, moderate and strong) is best illustrated when the data are plotted on a logarithmic scale ( Figure 2D ). Our results suggest that the differences in UGA recoding activity resulted from intrinsic properties of the SECIS. Taken together, our data indicate that distinct properties of the different SECIS elements may modulate the efficiency of UGA recoding both in vivo and in vitro.
Gpx3 and SelX as representative weak and strong SECIS elements, respectively
For the subsequent studies, we chose to focus on Gpx3 and SelX as representative weak and strong SECIS elements, respectively, since they share common features despite their differences in their ability to direct UGA recoding. In humans, Gpx3 and SelX mRNAs produce detectable amounts of selenoproteins, with Gpx3 being the most abundant selenoprotein in the blood, while SelX is found in many cell lines (6) . Both elements are predicted to adopt a type 2 structure ( Figure 3A) , with major differences between the Gpx3 and SelX SECIS elements occurring in the size and composition of the internal loop. The other structural features of the two elements differ only in their nucleotide composition but are similar in size.
We first confirmed that the luciferase activity of the Gpx3 and SelX SECIS contructs was due to UGA recoding and not due to random stop codon readthrough. We generated two sets of mutants, the first one disabling essential motifs from the SECIS, either the tandem GA pairs (ÁAUGA mutant of luciferase UGA 258 -SECIS constructs) or the AAA/G motif (ÁAAAC and ÁAAAG for SelX and Gpx3, respectively), the other, replacing the UGA at position 258 of the luciferase coding sequence by the UAA stop codon, which does not support selenocysteine incorporation. These mutant constructs were analyzed in transient transfection experiments and in vitro translation assays ( Figure 3B ). As previously shown in Figure 2 , the SelX SECIS is 350-and 8-fold more efficient in UGA recoding than Gpx3 in transfected Hek293 cells and in the in vitro translation assays, respectively. In every case, deletion of the AUGA or the AAA/G motif led to a dramatic decrease in luciferase activity ( Figure 3B) . Furthermore, the luciferase UAA 258 -SECIS mutants showed a complete loss of luciferase activity, thus confirming that our in vitro and in vivo assays were specific for selenocysteine insertion even in the case of the Gpx3 construct that contains a very weak SECIS element. We have tested mutants in which UGA 258 was changed to a UGU cysteine codon. As shown in Figure 3B , the luciferase UGU 258 -SECIS constructs gave similar activities for both the Gpx3 or SelX elements in transfected Hek293 cells and the in vitro translation assay ( Figure 3B ). This result excluded the possibility that the weak Gpx3 SECIS interfered with normal protein synthesis and also indicated that the Gpx3 SECIS construct did not contain any mRNA instability elements.
SBP2 binds the Gpx3 and SelX SECIS elements with similar affinity
The simplest explanation for the wide range of UGA recoding efficiencies would be that various SECIS elements are bound with different affinities by SBP2, which is a limiting factor for selenocysteine incorporation (20) (21) (22) (23) . To test this hypothesis, we performed REMSA analyses using radiolabeled Gpx3 and SelX SECIS elements ( Figure 4A and B, respectively). As a source of protein, we used increasing amounts of the purified RNA-binding domain of SBP2 (SBP2-RBD, amino acids 517-777), which has been shown to exhibit selective SECIS binding activity (36) . The SBP2-SECIS complexes were separated from free probes on native acrylamide gels and quantified to determine apparent K d values. As shown in Figure 4 , the SBP2-RBD bound to the SelX and Gpx3 SECIS elements with similar affinities, with K d values of 8 nM and 14 nM, respectively. These very similar affinities for SBP2 cannot explain the difference in UGA recoding between Gpx3 and SelX SECIS. Thus, we hypothesized that other determinants in the SECIS may modulate the efficiency of selenocysteine incorporation.
The internal loop and helix 2 of the SECIS determine UGA recoding efficiency
To define the motifs in the SECIS that modulate the efficiency of UGA recoding, we performed structure-function 
Helix2
Internal loop (B) Mutant luciferase-SelX and luciferase-Gpx3 constructs were assayed for UGA recoding activity in transiently transfected Hek293 cells (black bars) or in the rabbit reticulocyte cell-free translation system (white bars). Mutations targeted either essential motifs the SECIS elements (ÁAUGA, ÁAAAC and ÁAAAG) or codon 258 in the luciferase coding sequence (UAA 258 and UGU 258 ). UGA recoding activities were expressed relative to the activity of the wild-type luciferase UGA analyses of the SelX and Gpx3 SECIS elements using a chimera approach (see Supplementary Figure S3 for sequences, structures and nomenclature). Using this strategy, we were able to swap individual domains in the SelX SECIS with the corresponding regions from Gpx3 ( Figure 5A and B) ; convert the weak Gpx3 SECIS into a stronger element ( Figure 5C and D) ; and systematically transform the strong SelX SECIS into a weak one ( Figure 5E and F) . The chimeric SECIS elements were cloned downstream of luciferase UGA 258 coding region. The constructs were tested in transiently transfected Hek293 cells ( Figure 5 , left panels) and in the in vitro translation assay ( Figure 5, right panels) .
The first set of experiments ( Figure 5A and B) consisted of replacing domains in the SelX SECIS (shown in black) with their Gpx3 counterparts (shown in gray). A change in luciferase activity should be detected when the domains contained important features for UGA recoding efficiency.
Replacement of helix 1 in SelX with the Gpx3 counterpart (chimera 1) had very little effect both in vivo and in vitro ( Figure 5A and B) . Thus, helix 1 may only be important for closing the bottom of the internal loop (see the secondary structure of the SECIS in Figure 3A) as previously suggested. The most dramatic effects were observed with the individual swapping of the internal loop (chimera 7), helix 2 (chimera 12) or both domains (chimera 10), which decreased UGA recoding efficiency >300-fold, similar to the level observed for the Gpx3 parental construct. Our data also clearly indicate that helix 2, which was previously expected to only physically separate the AUGA from the AAA/G, harbors determinant(s) for selenocysteine insertion efficiency. Although the length of helix 2 is similar in the two SECIS elements, this region is completely base paired in the SelX SECIS while it contains two A-C mismatches in Gpx3 that can form non-WC base pairs. Finally, we analyzed the importance of the essential AAA/G motif, which is located in a bulge in the apical loop region of the SelX and Gpx3 SECIS elements. In contrast to what might be expected for a domain containing an essential motif, the insertion of a weak apical loop into the strong SECIS context (chimera 4) led to only a modest 2-to 5-fold decrease in luciferase activity. Thus, this region contains minor determinants that regulate UGA recoding efficiency.
In a second set of experiments, when the motifs from the strong element were inserted in the weak SECIS context, very few effects were observed ( Figure 5C and D). Even the swapping of the internal loop induced little, if any increase in recoding efficiency (chimera 8). These results suggested that the determinants for the weak efficiency of Gpx3 are dominant over the strong determinants in the SelX SECIS. However, the simultaneous insertion of the SelX internal loop and helix 2 into the Gpx3 SECIS (chimera 9) resulted in almost full recovery of UGA recoding activity in cells ( Figure 5C ) and in vitro ( Figure 5D ). Taken together, our data indicate that the internal loop and helix 2, which both flank the tandem GA pairs, are necessary and sufficient to switch a weak SECIS element into a strong one, and vice versa. To verify this finding, we gradually transformed the strong SelX SECIS into a weak element from bottom to top and top to bottom. As shown in Figure 5E and F, the largest effects were observed when changes occurred in the internal loop and the helix 2 (chimeras 2 and 3). It is also clear from these results that negative determinants won over the positive determinants, as previously observed with the swapping of individual domains.
Identification of nucleotide sequences that predict weak UGA recoding activity
To identify nucleotide sequences that may modulate UGA recoding efficiency, we first analyzed the sequence conservation of the internal loop and helix 2 in the 26 human SECIS elements using Weblogo (42) (Figure 6 ). In addition to the previously identified highly conserved motifs (i.e. ATGA, AAA/G and GA), we noticed that other positions with lower conservation were present near the tandem GA pairs in the SECIS core. More precisely, a potential GC base pair in the lower half of helix 2 is present in 62% of the human SECIS elements (illustrated by a sharp in Figure 6B and indicated as position +2 in Figure 6C ). Interestingly, this GC base pair was found at the same distance from the tandem GA pairs in many of the synthetic RNAs selected for in vitro binding to SBP2 using SELEX methodology (43) . Thus, the GC is an important but not essential RNA feature for SBP2 recognition. Furthermore, the genomic sequences of 65% of human SECIS elements contain a T, 3 nt before the ATGA on the 5 0 -side of the internal loop (illustrated by an asterisk in Figure 6B In vitro Figure 5 . Structure-function analyses of SelX and Gpx3 SECIS elements. SelX and Gpx3 were used as a representative weak and strong element, respectively. Chimeric constructs of these elements were generated based on the four domains shown in Figure 3A and cloned downstream of luciferase UGA 258 coding sequence. The composition and nomenclature of the chimeric SECIS elements are represented beneath histograms, using gray and black to indicate domains originating from Gpx3 and SelX SECIS elements, respectively. The histograms represent data from transiently transfected Hek293 cells (black bars) or from cell free translation assays (white bars), which were performed as described in the Figure 2 of the left helix in Figure 6C ). Both the GC and the T nucleotides have also been pointed out as being conserved features in a recent report, which aligned 286 SECIS elements from various eukaryote species (29) .
We then investigated whether these conserved motifs are functionally relevant by generating the sequence logos separately with the weak, moderate or strong categories of elements ( Figure 6D-F) . Interestingly, we observed that the GC and T motifs are over-represented in weak SECIS elements versus the strong ones. As shown in Figure 6B , the simultaneous presence of the T and the GC was found in 100% of weak SECIS elements, compared to only 25 and 12.5% for the moderate and strong classes, respectively. The association of both motifs was a statistically significant predictor of the weak versus the strong/moderate class of SECIS element (Fisher test, P < 0.002).
DISCUSSION
The SECIS element, which is essential for selenocysteine insertion, is found in all selenoprotein mRNAs that comprise the mammalian selenoproteome. However, the primary sequence conservation is poor and the four-motif secondary structure of the SECIS is subject to variability, notably in the internal and apical loops as illustrated in Figures 1 and 6 . While previous studies reported significant differences among SECIS elements in their ability to drive UGA recoding, these analyses tested only specific subsets of selenoprotein mRNAs, i.e. Gpx1, Gpx4, Trxr1, Dio1 and SelP1 in (23) or Gpx1, Gpx2 and Gpx4 in (38, 39) and did not identify the determinants in the SECIS that were responsible for this variability. In this work, we report the first comprehensive analysis of the 26 SECIS elements encoded in the human genome. We found that human SECIS elements displayed a wide range of UGA recoding activities in vivo, spanning several 1000-fold in transfected Hek293 and HepG2 cells and several 100-fold in vitro (Figure 2) , which is much broader than that has been previously observed. Surprisingly, this variability was likely not due to variation in SBP2 binding activity, an essential and limiting factor for selenocysteine incorporation, since we found that the weak Gpx3 and strong SelX SECIS elements were bound with similar affinity by SBP2. The consistency of the results is striking as the SECIS elements were classified almost identically as weak, moderate or strong by all three experimental approaches ( Figure 2D ). Taken together, our results strongly support the hypothesis that the SECIS element contains intrinsic information that modulates selenocysteine incorporation efficiency in an SBP2-independent manner.
Previous mutagenesis studies have focused on identifying the nucleotides or structures in an individual SECIS element that are essential for selenocysteine incorporation. To pinpoint the RNA structural domain(s) that define the UGA recoding efficiency of a SECIS, we generated chimeric molecules using SelX and Gpx3 as a representative strong and weak element, respectively. Our data indicate that helix 1 and the apical loop are the minor determinants for UGA recoding efficiency ( Figure 5 ) although those regions are essential for the insertion of selenocysteine (24) (25) (26) (27) (28) 44 ). Instead we found that the internal loop, which varies in composition and size among SECIS elements, was one important determinant in Gpx3 and SelX, respectively. Although both SECIS elements contain internal loops of comparable size (8 and 9 nt), they differ in their predicted structures, with an almost symmetric (4 + 5) loop in SelX and an asymmetric (1 + 7) loop in Gpx3. In our constructs, this domain was necessary and sufficient to transform a strong SECIS into a weak one. The converse experiment of inserting the SelX internal loop into the Gpx3 context did not rescue the weak element, indicating that more than one region is involved. Indeed, we found that helix 2, which was initially thought to act as a spacer to ensure a precise distance between the tandem GA pairs and the AAA/G (or CCX) motif, also modulated UGA recoding activity. Interestingly, the helices are of similar length (14 nt) in these two SECIS elements. However, the SelX helix 2 is fully base paired, whereas Gpx3 is predicted to contain two C-A mismatches in this region ( Figure 3A) . Finally, we showed that these two RNA structural domains, i.e. the internal loop and helix 2, together are necessary and sufficient to regulate the efficiency of UGA recoding in vivo and in vitro ( Figure 5 , chimeras 9 and 10).
We also found that the simultaneous presence of a GC base pair in helix 2 and a T 3 0 -nucleotides before the ATGA is a statistically significant predictor of weak UGA recoding activity. Although the two motifs may not be sufficient to transform a weak into a strong element or vice versa, they may contribute to selenocysteine incorporation efficiency by influencing the function of the adjacent tandem GA pairs, which are essential for binding SBP2 and L30 (19) (20) (21) 45) . We previously proposed that the tandem GA pairs in the SECIS core may represent a non-canonical kink-turn motif. The conserved GC and T nucleotides could also influence the angle or dynamics of the kink-turn folding. Precise structural analyses will be needed to understand the implications of the context of the tandem GA pairs on the functional activity of the SECIS.
Although SBP2 has been proposed to dictate the expression of the selenoproteome, the affinity of SBP2 for the Gpx3 and SelX SECIS elements differed by only 2-fold despite their 350-fold difference in directing UGA recoding in transfected cells. Thus, a wide range of UGA recoding efficiencies is not solely explained by SBP2 binding affinity. This observation is rather surprising as the SBP2 binding site encompasses helix 2 and the internal loop (45) , the regions we identified as the major determinant of the selenocysteine insertion efficiency. Several studies have found that SBP2 exhibits selective SECIS binding activity. In vitro analyses using REMSA have found that SBP2 exhibits selective high affinity binding activity to Gpx4 and Trxr1 SECIS (36) while in vivo binding of selenoprotein mRNAs by SBP2 via immunoprecipitation of the proteins and quantitation of bound mRNAs have shown that SBP2 exhibits strong preferential binding to SelW, Sel15, Gpx4, SelH, Trxr1, Dio2 and SelK mRNAs over others (22) . Indeed the difference in SBP2 binding affinity does explain the preferential synthesis of Gpx4 over Gpx1 and Dio2 in a competitive in vitro translation assay (36) . However, the regulation of the selenoproteome appears to be more complex as there is no obvious correlation between the reported binding properties of SBP2 and the UGA recoding efficiencies that we observed, suggesting the involvement of additional cis-or trans-acting factors.
The most surprising finding from our study was the identification of a small group of SECIS elements, including Gpx3, Gpx6, SelH, SelO, SelS and Trxr3, that directed UGA recoding with extremely low efficiency both in vivo and in vitro. For Gpx3, we used mutations in either the apical loop or the tandem GA pairs of the SECIS elements to demonstrate that the low level of luciferase activity that we detected was due to UGA recoding as selenocysteine and not to a low level of translational readthrough as observed for a genuine stop codon (Figure 3) . Metabolic labeling studies demonstrated that three other weak SECIS elements (SelH, SelO and SelS) directed selenocysteine incorporation in a reporter construct in transfected cells although no quantitative analysis was reported in this study (5) . These results raise the question as to how selenoproteins with an inefficient SECIS element are made in significant amounts in vivo. One possibility is that the abundance of a selenoprotein mRNA may compensate for the weak efficiency of its SECIS element. Interestingly, Gpx3 is mainly produced in the kidney and the Gpx3 mRNA is ranked as the most abundant selenoprotein mRNA in this tissue in mice (46) . However, the other selenoprotein mRNAs with weak SECIS elements are expressed at low or moderate levels in mouse tissues (46) .
The more likely explanation for our results is that the selenocysteine incorporation efficiency of a weak SECIS element may be enhanced by other cis-acting elements within the transcript. Several selenoprotein mRNAs contain RNA structures in the coding region that modulate UGA recoding efficiency (34, 35) . However, none of these structures are present in the selenoproteins mRNAs that we identified as containing weak SECIS elements. A largely unexplored area in the field is whether the activity of a SECIS element is influenced by other sequences in the 3 0 -UTR of the transcript. Previous studies have analyzed minimal SECIS elements of 50-100 nt, which are sufficient to support UGA recoding in vitro and in cells (19, 41, 47) . We designed our SECIS elements to encompass 100 nt, which is the minimal sequence required for binding of SBP2 and L30 to the Gpx4 SECIS (21, 45) . For some selenoprotein mRNAs, additional sequences flanking the SECIS may be required for efficient selenocysteine incorporation. Indeed, a very recent study analyzing the expression of human Gpx3 in transfected cells reported that selenocysteine incorporation was supported by a 3 0 -UTR of 500 nt, but not by a 100 nt 3 0 -UTR that encompassed the SECIS (48) . While the underlying basis for this difference was not investigated, we speculate the additional sequences may be required to stabilize the stemloop structure of the SECIS or to recruit other factors that may enhance the efficiency of UGA recoding. Finally, one must consider the possibility that the activity of a weak SECIS element may be enhanced in vivo by cell-type specific or selenoprotein-specific trans-acting factors that are not present in our experimental systems. These may be proteins, co-factors, subcellular localization of proteins and mRNAs, or differing oxidation states of UGA recoding components [as observed for SBP2 in (49)]. Indeed, SBP2 interact with proteins involved in the assembly of ribonucleoprotein complexes, including the R2TP complex and Nufip, which could influence selenocysteine incorporation in vivo (50). Such differences may also account for the wider range of UGA recoding activities that we observed in vivo, compared with in vitro. Regardless of the explanation, our results clearly show that the 26 human SECIS elements contain intrinsic information that modulates their ability to direct selenocysteine incorporation. Our findings have implications not only for designing experiments to analyze SECIS function but also for understanding how the expression of the selenoproteome is regulated in vivo.
